The next-generation wireless systems are expected to support data rates of more than 100 Mbps in outdoor environments. In order to support such large payloads, a polarized antenna may be employed as one of the candidate technologies. Recently, the third generation partnership standards bodies (3GPP/3GPP2) have defined a cross-polarized channel model in SCM-E for MIMO systems; however, this model is quite complex since it considers a great many channel-related parameters. Furthermore, the SCM-E channel model combines the channel coefficients of all the polarization links into one complex output, making it impossible to exploit the MIMO spatial multiplexing or diversity gains in the case of employing polarized antenna at transmitter and receiver side. In this paper, we present practical and simple 2D and 3D multipolarized multipath channel models, which take into account both the cross-polarization discrimination (XPD) and the Rician factor. After verifying the proposed channel models, the BER and PER performances and throughput using the EGC and MRC combining techniques are evaluated in multipolarized antenna systems.
Introduction
The next-generation wireless systems are required to possess high voice quality and high data rate services compared to the current cellular mobile radio standards and also provide seamless data service. Recent work has shown that independent spatial channels can be used to greatly enhance capacity under situations subject to scattering, such as urban areas or indoor environments [1] [2] [3] . Multiple input multiple output (MIMO) systems have been shown to dramatically increase the capacity of wireless systems and so have drawn an increasing amount of attention in recent years [4] . This capacity gain, however, strongly depends on the transmit (Tx) and receive (Rx) antenna spacing. In practical situations, antennas spacing of several wave lengths is required in order to achieve a significant multiplexing gain. Unfortunately, this large antenna spacing requirement increases both the size and the cost of base stations and makes it quite difficult to render the use of multiple antennas in customer devices. Antenna elements employing multiple polarizations can increase the capacity and often require less space per Tx and Rx channel than spatially separated polarization elements [5] [6] [7] .
A great deal of research is in progress in regard to spatial MIMO channel models; however, models regarding the polarized antenna channel are still in their early stages. Existing polarized antenna channel models can be divided into two categories: two-dimensional (2D) channel models where all of the scatterers are located in a 2D plane and threedimensional (3D) channel models where all the scatterers are located in 3D space. One of the well-known 2D polarized antenna channel models is the one defined by the spatial channel model extended (SCM-E) [8] , which is quite complex since it considers a great many parameters, such as angle spread, angle of arrival, angle of departure, power azimuth spectrum, lognormal shadowing, delay spread, and path loss. On top of that, there is only a single output of complex channel gain from the SCM-E polarized channel model resulting from the combination of all polarized channel links. When polarized antenna is employed at both Tx and Rx sides, it is not possible to exploit spatial multiplexing gain or other types of combining gains using the SCM-E polarized antenna channel model since it combines the channel coefficients of all the polarization links into one complex output. In addition, it is not convenient to observe the characteristics of each polarized channel link (e.g., V-ℎ, ℎ-V, ℎ-ℎ, and V-V; V for vertical, ℎ for horizontal), such as the cross-polarization discrimination (XPD) values and the contributions from the above four types of polarized links. This is because it obtains only a single complex output resulting from the combination of all polarized links. In this case, it is impossible to exploit spatial multiplexing gain or other types of combining gains since the polarized links become indistinguishable from each other. Here, XPD is defined as the ratio of the copolarized average received power to the cross-polarized average received power; it has an essential role in the polarized antenna channel models in quantifying the separation between two transmission channels that use different polarization orientations. 3D geometry-based statistical modeling of channel depolarization for polarized antenna systems has been proposed by Kwon and Stüber in [9] . However, it is also quite complicated since it also considers many parameters, such as the cylindrical scattering surface radius, the azimuth angle of arrival, the elevation angle of arrival, and the distance between the base station (BS) and mobile station (MS). Furthermore, the double integrals in [9] by assuming an infinite number of scatterers make their channel model too complex to be practically implemented. Another typical 3D polarized MIMO channel based on SCM 2D channel model is given in [10] . The spherical coordinate system is the same as our proposed scatterer structure; however, their 3D channel model is derived from SCM 2D channel model, which can be considered as update of SCM channel model in mathematical perspective. Similar problems as aforementioned about SCM-E channel model still exist in their 3D MIMO channel model.
In our preliminary work [11] , we suggested the dualpolarized channel model mainly based on the 2D scattering scenario. In order to complete our research work, in this paper, a practical and simple (PS) wireless channel model for use in multipolarized (i.e., dual-/triple-polarized) antenna systems based on both 2D and 3D scattering scenarios is presented. Our proposed channel model aims at the indoor or dense urban communication environment. Therefore by referring to [2] , we assume that the statistical locations of the scatterers are uniformly distributed around the MS. In addition by assuming that the energy contribution of remote scatters is negligible, a finite but sufficient number of scatterers are satisfied to reflect the scattering scenario in the proposed model. The proposed channel model preserves the continuity of time-varying phase response, which is caused by the mobility of the MS. Thus, the practical channel estimation using the training sequence becomes meaningful in the aspect of phase compensation under the proposed channel model.
The remaining parts of this paper are organized as follows. Section 2 introduces the propagation characteristics of polarized antenna systems. Section 3 presents the proposed 2D and 3D polarized channel models. The verification of the proposed polarized antenna channel models through receiver diversity is discussed in Section 4, and conclusions are drawn in Section 5.
Propagation Characteristics of Polarized Antenna Systems
This section describes the propagation characteristics of polarized antenna systems. Usually there are multiple scatterers, such as buildings, cars, and trees, uniformly located around the MS in urban environments. The propagation characteristics of polarized antenna systems can be determined through XPD, which quantifies the separation between two transmission channels that use different polarization orientations as
The larger the XPD, the smaller the amount of energy coupled between the cross-polarized channels. When a horizontally polarized antenna receives a signal sent from a vertically polarized antenna (and vice versa), the received signal strength is reduced in proportion to the XPD value. XPD values have been found to decrease with an increase in the distance [9] . Usually, the XPD is revealed to have the relation with the antenna properties, distance between the transmitter and receiver, scatterers distributions, and so forth. However, in this paper, we defined XPD as the ratio of the copolarized average received power to the crosspolarized average received power [9] , where it is specified only by the power coupled to the polarized channel links. In order to minimize the modeling complexity without loss of accuracy, we directly assign the XPD value according to the measurement results returned by literature references, for example, 5.8 dB in [9] .
For polarized channel modeling in macro and micro cell environments, we use the same number of scatterers, six, as laid out in the 1st and 2nd mid rays of the SCM-E urban channel model [8] . Two kinds of channel models are introduced in this paper, based on the channel model components, one of which contains only non-line-of-sight (NLoS) components and the other both line-of-sight (LoS) and NLoS components, that is, the Rayleigh channel model and the Rician channel model, respectively. Figure 1 , the MS mobility is taken into consideration in regard to the polarized antenna channel model found in [11] . is the phase rotation of the received signal at the MS due to the scatterers, and is the updated phase rotation according to the MS movement, as described by where is the radius of the scatterers and Δ is the moving distance of the MS for a 1-packet duration (e.g., 5 us). In this case, Δ is quite a small value compared to the radius , so we assume that the moving direction of the MS does not change within such a short time duration. This assumption will be explained in more detail when introducing the system parameters described in Section 4. The details of the parameters for the 2D scatterer model are presented in Table 1 .
The 2D Scatterer Model. As shown in
= arctan ( sin cos + Δ ) ,(2)
The 3D Scatterer Model.
We extend the 2D scatterer model to the 3D scatterer model by adding a new parameter, , which is the elevation angle, as shown in Figure 2 . Similar to the 2D scatter model, the elevation angle represents the phase rotation of the received signal projected in the -plane (due to the movement of the MS along the axis); is the updated phase rotation projected in theplane according to the MS movement. The azimuth and the elevation angles related to the phase rotations seen above are obtained by using the triangular function as shown in (3) and (4), respectively. The parameters used for the 3D scatterer model are described in Table 2 . Consider
The Propagation Characteristics of the Rician Channel.
The analytical performance under Rician polarized channel environment was discussed in [12] . The polarization matrix H in (5) includes the degree of suppression of the individual co-/cross-polarized components, the cross-correlation, and the Scatterer signal projected to -axis ( = cos ) Scatterer signal projected to -axis ( = sin ) Distance between scatterers and MS Phase rotation of received signal at MS Updated phase rotation according to MS movement Δ Moving distance of MS Table 2 : 3D scatterer model parameters.
Scatterer signal projected to -axis ( = cos cos ) Scatterer signal projected to -axis ( = cos sin ) Scatterer signal projected to -axis ( = sin ) Distance between scatterers and MS Phase rotation of received signal projected in x-y plan at MS Updated phase rotation projected in x-y plan according to MS movement Phase rotation of received signal projected in x-z plan at MS Updated phase rotation projected in x-z plan according to MS movement Δ Moving distance of MS cross-coupling of the energy from one polarization state to the other polarization state. Consider
The elements of polarized channel matrix H are, in general, correlated to complex Gaussian random variables.
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We decompose the channel matrix into the sum of an average (or fixed, possibly LoS) component and a variable (or scattered) component using
where is the Rician factor, H is the LoS component, and H is the NLoS component. Here, {H} = √ /(1 + ) ⋅ H and √1/(1 + ) ⋅H are the average and variable components of the channel matrix, respectively. The factors √ /(1 + ) and √1/(1 + ) in (6) are the power normalization factors. The elements of matrixH are denoted ash V,ℎ (V, ℎ: -pol component). The signal power of the NLoS components is determined using
where 0 ≤ ≤ 1 is related to the XPD value for the variable components of the channel. A good discrimination of the orthogonal polarizations has a small XPD value, and vice versa. The elements of matrix H, which are denoted as ℎ V,ℎ , are non-time-varying complex numbers satisfying
where 0 ≤ ≤ 1 is directly related to the XPD value for the fixed component of the channel. It is important to note that the presence of a fixed channel component does not always imply LoS conditions. For pure LoS conditions, , unlike , is solely a function of the antenna's ability to separate the orthogonal polarizations. The XPD values presented in dB and in linear values are related to as shown by
The Rician factor for a fading channel is defined as the ratio of the power in the fixed component to the power in the variable components. Under the definitions of and made above, the Rician factor for each element of the channel matrix can be expressed as
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√ NLoS cos (
, ) cos (
) .
Proposed Practical and Simple Multipolarized Channel Models
The practical and simple (PS) multipolarized channel models are presented in this section; they are categorized into the Rayleigh channel model and the Rician channel model through the consideration of the wireless channel statistical properties. In addition, according to the scatterer environments, they are further classified into a 2D channel model and a 3D channel model. The PS multipolarized channel models are based on SCM-E channel model given by (11) . It is a well-known 2D PMIMO channel model, which obtains only a single complex output resulting from the combination of all the polarized links. In this case, it is impossible to exploit spatial multiplexing gain or other types of combining gains since the polarized links become indistinguishable from each other. Here, is the power of the th path, SF is the lognormal shadow fading, and is the number of subpaths per path. , ,AoD is the AoD for the th subpath of the th path, and , ,AoA is the AoA for the th subpath of the th path. is the wave number, is the distance in meters between the BS antenna elements and the reference antenna element in the BS antenna array, and is the distance in meters between the MS antenna elements and the reference antenna element in the MS antenna array. The SCM-E channel model defines Φ ( , ) , to be the phase offset of the th subpath of the th path between the component (e.g., either the horizontal ℎ or vertical V) of the BS element and the component (e.g., either the horizontal ℎ or vertical V) of the MS element as i.i.d. random variables drawn from a uniform 0-to 360-degree distribution. and can alternatively represent the copolarized and cross-polarized orientations. ‖V‖ and V are the magnitude and angle of the MS velocity vector, respectively.
( ) BS ( , ,AoD ) and ( ) MS ( , ,AoA ) are the BS and MS antenna complex response for the -pol component, respectively. 1 and 2 are the linear XPD values in the SCM-E model, as described in [8] .
The SCM-E channel model is very complex for use in imitating the practical wireless propagation channel since it employs a pseudoray tracing model. Another drawback is that there is only a single output of complex channel gain from the SCM-E polarized channel model for each instant in time, which makes the exploiting of MIMO spatial multiplexing or Rx combining techniques impossible. Moreover, it is not convenient to observe the characteristics of each of the polarized channel links (e.g., V-ℎ, ℎ-V, ℎ-ℎ, and V-V), such as the XPD values and contributions from the above four polarized links. Therefore, we develop new channel models that use a matrix determining the channel complex gain and thereby represent the characteristics of all the polarized channel links, that is, V-ℎ, ℎ-V, ℎ-ℎ, and V-V. (11) describe the angle between the -pol antenna branches in the SCM-E channel model. In our proposed channel model, however, we assume that the V and ℎ branches at Tx (or Rx) are always orthogonal with respect to each other. That is, only the polarized channel characteristics are considered in our channel model. So, the parameters, such as ( ) BS ( , ,AoD ) and ( ) MS ( , ,AoA ), used to reflect the angle between the V and ℎ branches can be considered additionally when the elliptic polarized antenna is assumed or the slant angel mismatch exists for Tx and Rx polarized antennas.
Fading Channel. In our proposed channel model, as in the SCM-E polarized channel model,
is the phase offset of the th subpath of the th path, which are i.i.d. random variables drawn from a uniform 0-to 360-degree distribution. The phase rotation in the SCM-E channel model is randomly generated in a statistical sense. In order to guarantee a continuously time-varying phase response in our channel model, however, the phase offset is updated according to the MS mobility in place of random generation.
Mobility. exp( ‖V‖ cos( , ,AoA − V ) ) is a variable related to the mobility in the SCM-E channel model. However, the mobility in our proposed model is derived using Δ and in the channel matrix seen in (12) in order to generate the timevarying phase response. Because the mobility introduces frequency (phase) offset, by employing the parameters Δ and , the Doppler effect can be represented intuitively. That is, the angel reflects the direction of mobility, and the displacement of UE within one slot period is represented by Δ. The value of Δ increases as the mobility increases, so the frequency (phase) offset is also increasing.
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MIMO. exp(
sin( , ,AoD )) and exp( sin( , ,AoA )) in the SCM-E channel model are variables related to the AoD and AoA of the MIMO polarized antenna system. In this study, we decide to model the SISO polarized channel to be employed in the polarized antenna system for SISO and independent MIMO cases. For the correlated MIMO polarized antenna system, the correlation regarding the SISO polarized antenna needs to be additionally considered. Furthermore, due to the assumption that there is sufficient distance between the BS and MS in our channel models, all the input signals are incident in parallel at the MS, which means that the AoD value becomes 0 in our channel models. However, the AoA angels are considered due to the scatterer environment shown in Figure 1 , which contributes to the phase response of the received signal.
Instead of the independent consideration of the channel parameters used in the SCM-E channel model, all the contributions mentioned above are jointly coupled in order to build a complete channel matrix in our proposed polarized channel model, which results in the simple and practical channel model.
Based on these principles, the PS 2D dual-polarized Rayleigh channel is modeled as described in (12) . Here, M is the number of subpaths (scatterers), is the power of the th path,
is the phase rotation of the received signal at the MS from the th subpath of the th path, NLoS is the linear XPD value for the NLoS components, is the distance between the scatterers and the MS, and Δ is the moving distance of the MS. √ / is the power normalization factor. When a horizontally polarized antenna receives a signal sent from a vertically polarized antenna (and vice versa), the received signal strength is reduced proportionally to the linear XPD value NLoS .
The PS 3D Dual-Polarized Rayleigh Channel Model.
The PS 3D dual-polarized Rayleigh channel is modeled as described in (13) based on the polarized characteristics of the SCM-E channel model applied to the 3D scatterer environment shown in Figure 2 .
We expand the 2D scatterer model to the 3D scatterer model by adding an elevation angle parameter which is updated according to the MS mobility using
Since a dual-polarized antenna on the -plane is employed in the 3D environment, the projection of the reflected signals by the 3D scatterers in the -plane is considered as seen in (13) . Therefore, the 3D dual-polarized channel model depicts the channel complex gain using a (2 × 2) matrix. Similar to the 2D channel model, the crosschannel complex gain is attenuated by the linear XPD value NLoS .
The PS 3D Triple-Polarized Rayleigh Channel Model.
The PS 3D triple-polarized Rayleigh channel is modeled as seen in (14), based on the PS 3D dual-polarized channel model.
In addition to the projected signal in the -plane due to the dual-polarization, the projected signals in the -and -planes are considered in order to account for a triple polarization. The updated azimuth angle and elevation angle due to mobility are shown in (16) and (17), respectively. Consider
This channel model generates a (3 × 3) matrix for its complex channel output; the complex gain of the cross-channels is attenuated by the linear XPD value NLoS . Since the XPD values describe the long-term characteristics (primarily mean values), all of the XPD values are assumed to be the same.
The PS Multipolarized Rician Channel
Model. Similar to the Rayleigh channel model described above, the PS dualpolarized Rician channel for both the 2D and 3D cases can be generated by introducing the Rician factor [12] into the Rayleigh channel model for both the LoS component and the NLoS components:
where is the conventional Rician factor, is ( LoS / NLoS ) , and ⊙ is the Hadamard product. The LoS component H( ) is given as described by (19), and the NLoS component H Rayleigh-Dual ( ) is given as described in (12) for the 2D case and in (13) for the 3D case. Consider
The dual-polarized case is extended into a (3 × 3) channel matrix for the PS 3D triple-polarized Rician channel model. (14):
. (21) 3.5. The PS Multipolarized Multipath Channel Model. The PS multipolarized channel models are designed for use in macro and micro cell environments. Therefore, the power delay profile of ITU-R M.1224 Veh. A from [13] is adopted in order to generate multipath channel models, as shown in (22). Consider
where is the number of multipaths, is the signal power per path, H is the polarized flat fading channel, and is the time delay of each path.
Performance Gain by the Polarized Antenna System
The General Parameters of Multipolarized Antenna System.
The multipolarized antenna system is designed to be used in macro and micro cell environments; therefore we use 64 scatterers by setting the scatterer radius to 10 m and the MS mobility to 0, 30, and 60 km/h. The carrier frequency is set to 1.8 GHz in order to use the measured XPD values found in [14] . Since the measured XPD values are adopted in the simulations, the depolarization effects due to both channel and the slant angel mismatch of polarized antenna branches are involved, which makes the simulation results more meaningful to reflect the scenario of real word. The Rician factor is chosen to be 9 dB, which is a typical value in urban terrestrial wireless environments. All the parameters are given in Table 3 . The system bandwidth is 20 MHz, resulting in a symbol duration of 0.05 s. In order to verify the proposed polarized channel model, a simple single-carrier packet structure composed of 100 QPSK symbols is applied to the multipolarized antenna system, wherein 5% of the symbols are used as pilots. When the MS mobility is 60 km/h, the MS moving distance becomes 8.335 × 10 −6 m during a 1-packet duration, which is quite a small value compared to the scatterer radius. Therefore, we can assume that the MS moving direction does not appreciably change within a 1-packet duration, as mentioned in Section 2. Figure 3 shows the normalized fading envelopes of the co-/cross-channel links in the PS 3D triple-polarized Rayleigh channel model, assuming that all of the generated channel links are independent. The solid 11 line represents the fading envelope of the cochannel link; the 12 and 13 dotted lines depict the envelopes of the cross-channel links. The mean value of the fading envelope for cochannel 11 is almost 5.8 dB higher than those found for cross-channels 12 and 13 due to the NLoS XPD value shown in Table 3 . Figure 3(a) shows the MS mobility at 0 km/h, wherein the channel envelopes do not change during one-packet duration (100 symbols). Figure 3(b) shows the MS mobility at 60 km/h; the channel envelopes are continuously time-varying due to the MS movement. Figure 4 shows the phase response of the PS 3D triplepolarized channel model, which is continuously time-varying and changes about 0.002 radians during a 1-packet duration. Figure 5 shows the power spectrum density (PSD) of the PS 3D triple-polarized channel model. The lines are designated by circles, squares, and triangles, which correspond to the MS mobility PSD at 3 km/h, 30 km/h, and 60 km/h, respectively. The PSD results show that the maximum Doppler spreads are 10, 100, and 200 Hz, respectively, according to mobility.
The Verification of PS 3D Triple-Polarized Rayleigh Channel Model.
The Receiver Diversity Gain under PS 3D Multipolarized
Rician Channel. Equal gain combining (EGC) and maximum ratio combining (MRC) are performed at the MS in order to combine the signals of the polarized channel links [15, 16] . The EGC and MRC mathematical representations are given in (23) and (24), respectively, for a dual-polarized antenna. Consider
where Vℎ is the Tx signal power, ℎ Vℎ is the channel link, and ℎ We vary the XPD values in order to verify the proposed PS 3D polarized channel model in the aspect of the Eb/N0 versus bit-error-rate (BER) performance shown in Figure 6 . The simulation scenario designated as "Single" shows that only a vertical dipole antenna is placed at the BS and MS. The BER performance in this case is the same as that found for a conventional SISO channel; it is used for a reference curve. The "Dual" simulation scenarios use dual-polarized antennas at the BS and MS to communicate with each other; EGC is employed to combine the signals of V and ℎ links.
The XPD values of 100 dB and 0 dB represent the upper and lower bounds of the BER for the dual-polarized antennas. The simulation results with XPD values of 0 dB achieve the best BER performance. In this case, a maximum diversity gain is obtained due to the full contributions from four channel links (V-ℎ, ℎ-V, ℎ-ℎ, and V-V). Conversely, in the case of large 100 dB XPD values, the contributions from the V-ℎ and ℎ-V crosschannel links become very small compared to the V-V and hh cochannel links due to the large XPD values, resulting in the worst BER performance. When XPD values are XPD LoS = 14 dB and XPD NLoS = 5.8 dB, the simulation results show a 2 dB gain, a 1.5 dB gain, and a 2 dB loss compared to the "1 * 1" case and XPD values of 100 dB and 0 dB, respectively, at the target BER of 10 −3 . In other words, the BER curve in this case is located between the curves for the upper and lower bounds. Figures 7 and 8 show the BER and packet-error-rate (PER) performances when adopting the aforementioned combining techniques for the 3D multipolarized multipath Rician fading channel. The simulation scenario designated "Single" uses only a vertical dipole antenna at the BS and MS. The simulation scenarios "Dual EGC" and "Dual MRC" mean that a dual-polarized antenna is used at the Tx and Rx sides employing EGC and MRC combining techniques, respectively, and "Triple EGC" and "Triple MRC" both use triple-polarized antennas. As shown in Figures 7 and 8 , it is obvious that the systems employing the triple-polarized antennas always show the best performance. The "Triple MRC BER" and "Triple EGC BER" provide 28 dB gain and 6 dB gain, respectively, compared to the "Single BER" at the target BER of 10 −4 . In addition, the relationship among the PER curves is similar to that found for the BER curves. Multipolarized systems using MRC provide more gain than those using EGC; the increased gain by the MRC with a 1-tap time-domain equalizer comes from the meaningful contribution of the LoS component in the Rician channel. In other words, what the MRC does better is that it is the optimum combining in terms of SNR and weights the strong antenna elements more than the weak. Figure 9 shows the throughput of five different simulation scenarios using the 3D multipolarized multipath Rician fading channel. At Eb/N0 of 12 dB, for example, the "Triple MRC" scenario has a 20 times higher throughput than the "Single" scenario, and more than a 1.3 times higher throughput than the "Dual MRC" scenario.
The proposed channel model in [9] is verified by geometrically deriving the XPD value and then comparing it with the measured results. The verification results given in [9] validate the accuracy of the proposed channel model since the derived XPD values approximate the measured results. However, due to the modeling complexity in [9] , it is difficult to be extended to support the cases with triplepolarized system as well as antenna array. In this paper, we verify our proposed channel model by directly specifying the XPD value according to the existing literatures and then International Journal of Antennas and Propagation test the proposed channel via the common diversity schemes. Based on the simulated BER/PER and throughput analysis by the diversity techniques, we also prove that the proposed channel model is accurate and reliable to be implemented for the computer simulation.
Conclusions
In this paper, PS 2D and 3D multipolarized multipath fading channel models have been presented based on the polarized characteristic of the SCM-E channel model. In order to verify and evaluate our proposed channel models, the measured XPD values in practical environments are employed. The BER and PER performances and the throughput using EGC and MRC combining techniques for multipolarized antenna systems have been presented. Under the polarized Rician fading channel, the triple-polarized antenna system employing MRC provides 20 times and 1.3 times higher throughput than a single antenna system and a dual-polarized antenna system with MRC, respectively, at an Eb/N0 of 12 dB. In other words, the use of polarized antennas can greatly increase the reliability of wireless links, which can be turned into throughput increase, depending on the discrimination capabilities of the cross-channels of the polarized system. The use of a polarized antenna is also an efficient way to reduce antenna spacing, which helps to decrease both the size and the cost of a BS with a MIMO configuration.
